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Summary  Use  of  combination  of  experimental  measurements,  tests  in  situ  and  numerical
modelling  is  optimal  approach  to  obtain  reliable  results  of  subsoil—structure  interaction.  Input
data for  numerical  analyses  were  obtained  by  experimental  loading  tests  of  three  different
types of  concrete  slabs.  Loading  was  performed  out  using  experimental  equipment.  The  unique
experimental  equipment  was  constructed  in  the  area  of  Faculty  of  Civil  Engineering,  VSˇB-TU
Ostrava.  Analyses  of  interaction  of  reinforced  concrete  slabs  with  subsoil  were  solved  by  appli-FEM cation of  inhomogeneous  half-space.  The  main  focus  was  to  verify  the  aptness  of  application  of
inhomogeneous  half-space  in  relation  to  the  slab  deformations  in  comparison  of  different  types
of reinforcements  of  concrete  slab.
© 2015  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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eological  proﬁle  can  be  different  in  various  parts  of
he  area  under  the  foundations.  Unambiguous  description
f  geological  proﬁle  is  very  difﬁcult.  Experimental  mea-
urements  of  subsoil—structure  interaction  are  carried  out
 This article is part of a special issue entitled ‘‘Proceedings of
he 1st Czech-China Scientiﬁc Conference 2015’’.
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http://creativecommons.org/licenses/by-nc-nd/4.0/).hroughout  the  world  (Aboutalebi  et  al.,  2014;  Alani  and
boutalebi,  2012;  Huang  et  al.,  2013)  and  also  in  the
zech  Republic  and  Slovakia.  Methology,  results  and  con-
lusions  of  the  performed  loading  tests  performed  out
t  the  Faculty  of  Civil  Engineering,  VSˇB-TU  Ostrava  are
escribed  in  (Cajka  et  al.,  2014;  Buchta  and  Mynarcik,
014;  Janulikova  and  Stara,  2013).  Inadequate  theoretical
asics  and  an  absence  of  appropriate  calculation  soft-
are  also  prevent  the  determination  of  an  unambiguous
olution  of  subsoil—structure  interaction.  Numerical  mod-
lling  of  the  subsoil—structure  interaction  is  also  described
n  (Frydrysek  et  al.,  2013;  Janda  et  al.,  2013;  Kralik,
013).
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Experimental loading test
In  2010,  testing  equipment  was  constructed  in  areal  of  the
Faculty  of  Civil  Engineering,  VSˇB  —  Technical  University  of
Ostrava  (Cajka  et  al.,  2011).  The  testing  equipment  is  used
for  experimental  for  monitoring  of  the  stress—strain  rela-
tionships  of  the  interaction  of  the  foundation  structures  and
subsoil.  The  load  is  applied  by  a  hydraulic  press  which  pushes
the  test  sample  into  subsoil.  For  more  details  about  the
structure  of  the  test  equipment  see  (Cajka  et  al.,  2011).
The  testing  equipment  was  used  for  testing  of  several  dif-
ferent  types  of  foundation  slabs.  The  slabs  are  different,
e.g.  from  the  point  of  view  of  concrete  mixture,  reinforce-
ment,  slab  dimensions  and  its  thickness  or  size  of  the  load
area.  In  2014,  the  steel-ﬁbre  reinforced  concrete  slab,  the
post-tensioned  concrete  slab  and  the  reinforced  concrete
slab  were  loaded  there.  The  ground  plan  dimensions  of  all
slabs  were  2000  mm  ×  2000  mm.  Dimensions  of  the  load  area
were  200  mm  ×  200  mm.  All  types  of  concrete  foundation
slabs  were  subjected  to  punching  shear.  The  failure  of  the
slabs  by  punching  shear  is  also  described  in  (Halvonik  and
Fillo,  2013).
Experimental  loading  test  of  the  steel-ﬁbre
reinforced  concrete  slab
The  dimensions  of  the  steel-ﬁbre  reinforced  concrete  slab
were  2000  mm  ×  2000  ×  170  mm.  The  C25/30  concrete  was
used.  The  concrete  was  reinforced  with  scattered  rein-
forcement.  The  reinforcement  consisted  of  steel  ﬁbres  3D
DRAMIX  65/60B6—25  kg  m−3.  From  the  geologic  point  of  view,
the  upper  layer  of  subsoil  consists  of  loess  loam  (F4).
The  thickness  of  the  layer  is  approximately  5  m.  The  Pois-
son  coefﬁcient  of  the  subsoil  was    =  0.35  and  modulus
of  deformability  was  Edef =  2.65  MPa.  The  loading  was  per-
formed  out  sequentially  in  steps:  20  kN/60  min.  Despite  of
assumptions,  the  slab  did  not  fail  even  after  nine  loading
cycles  (the  load  was  180  kN)  and  the  test  was  interrupted.
During  repeated  loading  test  of  the  steel-ﬁbre  reinforced
concrete  slab  was  loaded  with  new  cycle:  50  kN/30  min.
The  slab  failed  during  the  6th  cycle.  The  loading  force  was
250  kN.  Fig.  1 shows  casting  of  the  slab  and  cracks  at  the
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Figure  1  Casting  of  the  steel-ﬁbre  reinforced  concrete  slab  and  c
concrete slab  after  its  lifting  up.d  3D  numerical  models  241
ower  surface  of  the  failed  steel-ﬁbre  reinforced  concrete
lab  after  its  lifting  up.
xperimental  loading  test  of  the  reinforced
oncrete  slab
he  reinforced  concrete  slab  dimensions  were
000  mm  ×  2000  mm  ×  120  mm.  The  C25/30  concrete
as  used.  38  steel  bars  of  length  1.9  m  and  a  diameter
 mm  was  used  for  reinforcing  of  concrete  slab.  Steel  bars
ere  bound  to  grid  with  a  mesh  size  100  mm  ×  100  mm.
over  of  concrete  of  20  mm  for  the  lower  bars  was  achieved
hrough  concrete  spacers.  From  the  geologic  point  of  view,
he  upper  layer  of  subsoil  consists  of  loess  loam  (F4).  The
hickness  of  the  layer  is  approximately  5  m.  10  cm  of  the
riginal  soil  was  removed  before  experimental  loading
est  of  reinforced  concrete  slab.  The  footing  bottom  was
lled  with  gravel  fraction  0—4  mm  along  the  edge  of  the
urrounding  terrain.  Gravel  was  evenly  compacted  by
ibrating  plate.  The  Poisson  coefﬁcient  of  the  subsoil  was
 =  0.35  and  modulus  of  deformability  was  Edef =  33.1  MPa.
he  slab  was  loaded  at  half-hour  intervals  by  vertical  force
f  50  kN.  The  slab  was  infringed  at  load  of  350  kN.  The  slab
as  infringed  by  punching  shear.  Fig.  2  shows  casting  of  the
lab  and  cracks  at  the  lower  surface  of  the  failed  reinforced
oncrete  slab  after  its  lifting  up.
xperimental  loading  test  of  the  post-tensioned
oncrete  slab
ost-tensioned  concrete  slab  had  the  dimensions
000  mm  ×  2000  mm  ×  150  mm.  Concrete  class  C35/45
as  used.  Slab  was  post-tensioned  by  six  threaded  pre-
tressing  bars.  The  bars  were  from  steel  Y  1050  and  their
iameter  was  18  mm.  Each  bar  was  tensioned  by  force  of
00  kN.  From  the  geologic  point  of  view,  the  upper  layer
f  subsoil  consists  of  loess  loam  (F4).  The  thickness  of
he  layer  is  approximately  5  m.  The  300  mm  layer  of  clay
oil  was  removed  before  loading  test  of  post-tensioned
oncrete  slab.  The  footing  bottom  was  ﬁlled  with  gravel
raction  0—4  mm  to  the  edge  of  the  surrounding  terrain.  The
oisson  coefﬁcient  of  the  subsoil  was    =  0.35  and  modulus
f  deformability  was  Edef =  33.86  MPa.  Loading  was  carried
racks  at  the  lower  surface  of  the  failed  steel-ﬁbre  reinforced
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iigure  2  Casting  of  the  reinforced  concrete  slab  and  cracks  
ifting up.
ut  in  parts,  75  kN/30  min.  The  slab  failed  during  the  7th
ycle  during  this  method  of  loading.  The  maximum  level  of
oad  was  525  kN.  The  slab  was  infringed  by  punching  shear.
ig.  3  shows  casting  of  the  slab  and  cracks  at  the  lower
urface  of  the  post-tensioned  concrete  slab  after  its  lifting
p.
umerical analysis
umerical  models  were  created  for  all  experimental  load-
ng  tests.  It  means  for  steel-ﬁbre  reinforced  concrete  slab,
einforced  concrete  slab  and  also  post-tensioned  concrete
lab.  3D  numerical  models  of  these  three  contact  tasks  were
reated  using  ANSYS.  3D  subsoil  model  was  created  as  a  half-
pace.  Soil  is  heterogeneous  material  and  its  properties  are
ifferent  from  idealization  linear  elastic  isotropic  homoge-
eous  substance.  Therefore,  the  calculated  values  of  the
ettlement  do  not  correspond  with  the  real  values  measured
n  real  buildings  or  during  the  experiments  (Labudkova  and
ajka,  2014;  Cajka  and  Labudkova,  2015).  Inhomogeneous
alf-space  was  used  for  the  analysis  of  the  interaction  of
ubsoil  and  loaded  steel-ﬁbre  reinforced  concrete  slab,  rein-
orced  concrete  slab  and  also  post-tensioned  concrete  slab.
n  the  inhomogeneous  half-space  the  concentration  of  ver-
ical  stress  is  different  than  in  the  homogeneous  half-space
nd  modulus  of  deformability  increases  with  increasing
epth  of  the  subsoil.  This  is  the  reason  why  the  material
o
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igure  3  Casting  of  the  post-tensioned  concrete  slab  and  cracks  
ts lifting  up.e  lower  surface  of  the  failed  reinforced  concrete  slab  after  its
roperties  of  inhomogeneous  half-space  are  more  closer  to
he  real  conditions  than  material  properties  of  homogeneous
alf-space.  All  three  subsoil  models  were  divided  into  30
ayers  (Fig.  4).  Inhomogeneity  of  the  subsoil  was  taken  into
onsideration  with  an  increasing  modulus  of  deformability
def,2 (Fig.  4).  Self  weight  of  soil  massif  and  concrete  slabs
ere  neglected.  The  computational  models  of  all  types  of
ubsoil  models  were  created  using  the  element  SOLID  45
3D).  When  creating  a  3D  model,  the  chosen  ﬁnite  elements
n  the  mesh  were  hexahedral  and  their  dimensions  were
.20  m  ×  0.20  m  ×  0.20  m.
Horizontal  nodes  displacements  in  vertical  edges  of
ubsoil  model  were  hindered  by  boundary  conditions  and
ertical  nodes  displacements  in  the  lower  base  of  the  subsoil
odel  were  hindered  by  boundary  conditions.  No  boundary
onditions  hindered  the  nodes  displacements  in  the  upper
evel  of  the  subsoil  model  because  it  represented  the  ter-
ain.
Structural  and  physical  nonlinearity  were  used  in  the
EM  analysis.  Structural  nonlinearity  is  caused  by  interaction
etween  the  subsoil  and  slab  (contact  task).  Deﬁnition  of  the
ontact  area  is  necessary  for  the  transmission  of  load  effects
rom  the  foundation  slab  to  the  subsoil.  Contact  was  made
sing  a  contact  pair  TARGE170  and  CONTA173.  The  inﬂuence
f  friction  between  the  slab  and  the  subsoil  was  neglected.
he  nonlinear  material  model  was  performed  by  applica-
ion  of  Drucker—Prager  model  which  describe  the  difference
etween  the  tensile  strength  and  compressive  strength  of
at  the  lower  surface  of  the  post-tensioned  concrete  slab  after
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(Figure  4  Homogeneous  half-space  (left)  and  inhomogeneous
layers with  different  material  properties  —  modulus  of  deforma
the  soil.  The  load  was  applied  in  a  centre  of  all  types  of  slabs
onto  the  200  mm  ×  200  mm  area.  The  load  was  modelled  in
several  points  of  the  mesh  of  the  slab  model.  Slab  models
were  a  bit  different  in  the  creation  of  numerical  models  in
relation  to  the  type  of  slab  (steel-ﬁbre  reinforced  concrete
slab,  reinforced  concrete  slab,  post-tensioned  slab).  Mod-
ulus  of  elasticity  E  was  according  to  the  strength  class  of
concrete  of  all  slabs  and  the  Poisson  coefﬁcient    =  0.2.
Results
Resulting  deformations  were  inﬂuenced  by  type  of  concrete
slab.  The  forces  at  the  moment  of  the  slab  failure  were
different  because  of  different  strength  class  of  concrete,
different  slab  thickness,  etc.  The  steel-ﬁbre  reinforced  con-
crete  slab  failed  at  the  load  of  250  kN,  the  reinforced
concrete  slab  failed  at  the  load  of  350  kN  and  the  post-
tensioned  concrete  slab  failed  at  the  load  of  525  kN.
R
m
s
Figure  5  Computational  model  of  steel-ﬁbre  reinforced  concrete  s
(right), [m].-space  (right).  Inhomogeneous  half-space  was  divided  into  30
 increases  with  increasing  depth  of  the  subsoil  model.
eformation  behaviour  of  slabs  was  compared  at  the  load
f  200  kN  at  which  there  was  no  slab  damaged.
umerical  analysis  of  the  steel-ﬁbre  reinforced
oncrete slab  (Fig.  5)
he  computational  model  was  created  using  the  element
HELL  181  (2D).  The  slab  thickness  0.170  m  was  added  to
he  2D  element  SHELL  181  properties.  When  creating  a  2D
odel,  the  chosen  ﬁnite  elements  in  the  mesh  were  4-nodes
nd  their  dimensions  were  0.10  m  ×  0.10  m.
umerical  analysis  of  the  reinforced  concrete  slab
Fig.  6)einforced  concrete  slab  model  was  created  using  ﬁnite  ele-
ents  SOLID  45.  Reinforcement  was  also  reﬂected  in  the
patial  model  of  reinforced  concrete  slab.  The  model  slab
lab  (left),  deformations  of  steel-ﬁbre  reinforced  concrete  slab
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Figure  6  Computational  model  of  reinforced  concrete  slab  (l
as  divided  into  four  layers.  The  lowest  layer  represents
he  plain  concrete  and  its  thickness  is  equals  to  the  cover  of
oncrete.  There  is  a  layer  with  different  material  properties
hich  represents  the  reinforcement  above  the  lowest  layer
above  the  cover  of  concrete).  Another  two  layers  above  the
einforcement  represent  concrete  disturbed  by  cracks.  Mod-
lus  of  elasticity  of  cracked  concrete  was  derived  and  it  was
sed  in  lower  layers  representing  the  part  of  concrete  with
racks.  Poisson’s  ratio  in  these  layers  was    =  0.
umerical  analysis  of  the  post-tensioned  concrete
lab (Fig.  7)
he  computational  model  was  created  using  the  element
HELL  181  (2D).  The  slab  thickness  0.120  m  was  added  to
he  2D  element  SHELL  181  properties.  When  creating  a  2D
odel,  the  chosen  ﬁnite  elements  in  the  mesh  were  4-nodes
nd  their  dimensions  were  0.10  m  ×  0.10  m.  Prestressing  was
laced  in  quarters  of  all  sides  of  slab  model.  Force  in  pre-
tressed  reinforcement  was  100  kN  as  well  as  during  the
xperiment.
7
c
t
a
igure  7  Computational  model  of  post-tensioned  concrete  slab  (le deformations  of  reinforced  concrete  slab  (right),  [m].
iscussion
esulting  deformations  of  all  slabs  calculated  by  numeri-
al  analyses  are  shown  in  the  following  graph  (Fig.  8),  by
lue  curves.  Deformations  measured  during  experimental
oading  test  are  marked  by  black  curves.  Deformations  of
teel-ﬁbre  reinforced  concrete  slab  are  marked  by  dotted
urve  (blue  —  deformations  calculated  by  numerical  anal-
sis,  black  —  deformation  measured  during  experiment).
eformations  of  reinforced  concrete  slab  are  marked  by
ashed  curve  (blue  —  deformations  calculated  by  numerical
nalysis,  black  —  deformation  measured  during  experiment).
eformations  of  post-tensioned  concrete  slab  are  marked  by
ashed  curve  (blue  —  deformations  calculated  by  numerical
nalysis,  black  —  deformation  measured  during  experiment).
he  shapes  of  calculated  deformations  of  all  slabs  are  sim-
lar  with  shapes  of  measured  deformations.  The  difference
etween  calculated  deformation  and  the  measured  defor-
ation  in  the  middle  of  the  post-tensioned  slab  is  about
0.0%.  It  is  the  biggest  difference.  The  difference  between
alculated  deformation  and  the  measured  deformation  in
he  middle  of  the  steel-ﬁbre  reinforced  concrete  slab  is
bout  5.0%.  The  difference  between  calculated  deformation
ft),  deformations  of  post-tensioned  concrete  slab  (right),  [m].
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Figure  8  Comparison  of  deformations  of  all  concrete  slab  types  at  moment  of  the  load  of  200  kN.  Slabs  were  loaded  at  the  area
of 200  mm  ×  200  mm.  (For  interpretation  of  the  references  to  color  in  the  text,  the  reader  is  referred  to  the  web  version  of  this
article.)
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Cand  the  measured  deformation  in  the  middle  of  the  rein-
forced  concrete  slab  is  only  about  0.7%.
Conclusions
Comparison  of  three  types  of  reinforcements  of  concrete
slabs  was  carried  out.  The  slabs  had  different  thickness,  the
type  of  concrete  and  the  subsoil,  beside  of  reinforcements.
The  main  focus  was  to  verify  the  aptness  application  inho-
mogeneous  half-space  in  relation  to  the  slab  deformations.
The  steel-ﬁbre  reinforced  concrete  slab  failed  at  the  load
of  250  kN,  the  reinforced  concrete  slab  failed  at  the  load  of
350  kN,  the  post-tensioned  concrete  slab  failed  at  the  load  of
525  kN.  Deformation  behaviour  of  slabs  was  compared  at  the
load  of  200  kN  at  which  there  was  no  slab  failed.  Calculated
deformations  of  steel-ﬁbre  reinforced  concrete  slab  corre-
lates  to  the  measured  deformations  very  well,  because  the
slab  was  not  disrupted  by  cracks  as  in  the  numerical  model.
Calculated  deformations  of  reinforced  concrete  slab  corre-
lates  to  the  measured  deformations  very  well,  because  the
slab  was  disrupted  by  cracks  as  in  the  numerical  model.  Cal-
culated  deformations  of  post-tensioned  concrete  slab  do  not
correlates  to  the  measured  deformations  very  well.  During
the  experiment,  no  cracks  were  evident  at  the  moment  of
load  of  200  kN,  so  numerical  slab  model  was  created  without
inﬂuence  of  cracks.  The  resulting  deformations  are  differ-
ent  about  70%,  and  one  of  the  reasons  may  be  the  developed
cracks  inside  of  the  slab,  which  was  not  evident  on  the  sur-
face  of  the  slab.
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